Iron-deficiency anemia is common in patients with heart failure (HF), but the optimum diagnostic tests to detect iron deficiency and the treatment options to replete iron have not been fully characterized. Recent studies in patients with HF indicate that intravenous iron can rapidly replenish iron stores in patients having iron-deficiency anemia, with resultant increased hemoglobin levels and improved functional capacity. Preliminary data from a subgroup analysis also suggest that supplemental intravenous iron therapy can improve functional capacity even in those subjects without anemia. The mechanisms responsible for this observation are not fully characterized, but may be related to beneficial effects of iron supplementation on mitochondrial respiration in skeletal muscle. The long-term safety of using intravenous iron supplementation in HF populations is not known. Iron is a known pro-oxidant factor that can inhibit nitric oxide signaling and irreversibly injury cells. Increased iron stores are associated with vascular endothelial dysfunction and increased risk of coronary heart disease events. Additional clinical trials are needed to more fully characterize the therapeutic potential and safety of intravenous iron in HF patients.
PHYSIOLOGIC ROLE OF IRON
Iron is an essential trace element that plays an important role in numerous homeostatic biologic processes, but is also recognized to be a potentially toxic agent capable of generating reactive oxygen species that may impair cellular function. Major physiological functions of iron include oxygen transport, as a component of hemoglobin and myoglobin, and maintenance of energy production through oxidative phosphorylation as an integral component of cytochromes, NADH (nicotinamide adenine dinucleotide) dehydrogenase, and succinate dehydrogenases. [1] [2] [3] Iron plays an important role in immune regulation as a component of peroxide and nitrous oxide generating enzymes required by some immune cells for normal host defenses. [1] [2] [3] Iron is also increasingly recognized to be an important transcription factor for a variety of other signal pathways related to neurotransmission, cell growth, and inflammation. [1] [2] [3] Total body iron stores are regulated exclusively through control of iron absorption, as there are no known natural metabolic pathways for iron excretion. 4, 5 Hepcidin is a liver-derived 25 amino acid peptide hormone that appears to play a critical role in the regulation of iron absorption. 6, 7 The physiological signals that regulate hepcidin secretion are not fully characterized but appear to be related to iron-dependent redox signaling related to pathways involving the HFE, TRF2, and hemojuvelin (HJV) genes, red cell mass, and cytokine signaling. 6,8 -10 In a negative feedback loop, hepcidin is secreted in response to increased body iron stores and interacts with ferroportin and other iron transport proteins in the enterocyte to inhibit gut iron absorption. 6, 7 The cellular mechanisms for hepatic sensing of iron stores have not yet been fully characterized. HFE, the protein associated with the most common form of inherited hemochromatosis, forms complexes with the transferrin type 1 and type 2 receptors with varying affinities that are modified by the presence of iron binding to transferrin. In iron replete states, when HFE binding to transferrin receptor type 2 is high, the HFE-transferrin complex interacts on the hepatocyte cell surface with HJV and bone morphogenetic protein receptors to activate a Smad-dependent signaling pathway that activates nuclear transcription for hepcidin. Hepcidin synthesis is also regulated by other signaling pathways that do not appear to be directly regulated by iron stores. 11 Activation of hepcidin synthesis by interleukin-6 appears to be an important mechanism contributing to altered iron metabolism and anemia in acute and chronic inflammatory diseases. The alterations in iron metabolism in response to inflammatory signals are thought to be protective against microbial growth in certain acute infections. 12 After iron is absorbed through the enterocyte, almost all iron is bound to specific iron transport proteins (transferrin) and iron storage proteins (ferritin) in a highly-regulated system that controls iron availability to the bone marrow for erythropoiesis. In nonheme tissues, 2 iron regulatory proteins (IRP-1 and IRP-2) play an important role in maintaining intracellular iron homeostasis. In response to changes in iron availability and redox signals, IRP-1 and IRP-2 bind iron-response elements that regulate transcription of the transferrin receptor, ferritin, and other proteins. 5, 13 There also exists a small amount of low molecular weight, nonprotein bound iron complexed to citrate and other small molecules in the extracellular and intracellular compartments outside of the reticuloendothelial system. 14 -16 Low molecular weight nontransferrin bound iron is present in the serum of normal human subjects in concentrations ranging from 0.08 to 0.19 M. 17 Increased levels of nontransferrin-bound iron have been reported in patients with iron overload secondary to end-stage renal disease, hemolytic anemias, and hemochromatosis. 18, 19 Low molecular weight iron appears to be transported across cell membranes by poorly characterized transporter proteins distinct from the transferrin receptor, as patients with chronic iron overload manifest increased intracellular iron despite downregulation of transferrin receptors. 20 The low molecular weight iron pool is readily chelatable, is available for participation in redox reactions through Fenton chemistry and interactions with nitric oxide, and regulates synthesis and activity of iron-containing proteins. 14 -16 Iron stores in the body may be assessed by a variety of clinically available tests. Normal total body iron stores range from 30 to 40 mg/kg, with 1.8 g contained within red blood cells (depending on blood volume and hemoglobin concentration), and an additional 0.5 to 1.5 g in storage in liver parenchymal cells and the reticuloendothelial system. 2, 3, 21 Less than 5% of total body iron is contained in other iron-containing proteins in muscle (myoglobin) and mitochondria. Normal daily loss of iron from sloughing of gastrointestinal mucosal cells is approximately 1 to 2 mg/d (Ͻ0.5% of total stores) with losses generally matched by gastrointestinal absorption of an equal amount. 2, 3, 21, 22 Bone marrow iron stores are considered the gold standard for the evaluation of iron deficiency anemia, but this procedure is invasive and therefore not routinely used in clinical evaluation of anemia. 23 Blood markers of iron stores include total iron binding capacity (circulating transferrin), serum iron, percent transferrin saturation, plasma ferritin, sideroblast percent, red blood cell protoporphyrin level, and erythrocyte morphology (Table 1) . 23a In clinically overt iron deficiency anemia, the erythrocytes become hypochromic and microcytic, total iron binding capacity goes up whereas the rest of the parameters exhibit a downward trend. Clinical manifestations associated with iron deficiency include the symptoms of anemia (weakness and fatigue), glossitis, stomatitis, Plummer Vinson syndrome, pica, and restless legs syndrome. 3 Impaired thermoregulation and immune function and decreased endurance exercise capacity have also been attributed to iron deficiency. 3 Clinically overt iron overload occurs in hemochromatosis, some thalassemias, and other transfusion dependent hematological disorders, some sideroblastic anemias, chronic liver disease, porphyria cutanea tarda, and hemosiderosis. 2 In these conditions serum ferritin is increased, in some cases to 10-to 20-fold above normal values. Excess stored iron in these conditions is estimated to range from as low as 1 g to as much as 40 g.
Although laboratory assessment of iron stores provide fairly reliable diagnostic accuracy in most cases with overt signs of iron overload or deficiency, very little data exist on the optimal levels of iron required for normal physiological function. Available evidence suggests that there may be subclinical states of iron depletion and/or excess that may be effecting iron-dependent biologic processes without overt evidence of iron-deficiency or overload ( Fig. 1 ). This review article will consider potential implications of altered iron homeostasis relevant to evaluation and treatment of anemia in patients with heart failure (HF).
POTENTIAL EFFECTS OF SUBCLINICAL IRON DEFICIENCY IN HF
Anemia is common in patients with HF, and is associated with greater impairment of functional capacity, and increased risk of hospitalization and mortality. 24 -34 The etiology of anemia in HF is often difficult to determine and in many cases may be multifactorial. Possible mechanisms include insufficient erythropoietin secretion (due to inhibition of the renin angiotensin system and/or comorbid chronic kidney disease) or resistance to the effects of endogenous erythropoietin (due to chronic inflammation), hemodilution, and iron deficiency. 34 -45 Iron deficiency is thought to be a common contributing factor to anemia in the HF population. In the OPTIME-HF clinical trial, 21% of the study population had iron deficiency anemia diagnosed by standard blood biomarkers. 25 Nanas et al determined that 73% of patients with advanced HF and anemia had reduced iron stores based on the iron content of bone marrow biopsies. 46 The etiology of iron deficiency in HF patients is likely multifactorial; some of the postulated causes are poor nutrition, malabsorption due to edematous bowel wall, increased gastrointestinal blood loss due to chronic antiplatelet and/or oral anticoagulation use, and altered iron homeostasis due to proinflammatory cytokine activation. 30, [47] [48] [49] The presence of chronic inflammation in many HF patients may mask the diagnosis of iron deficiency anemia. 50 -52 An interesting feature of anemia of chronic disease is the retention of iron within macrophages, thus limiting the availability of iron for erythropoiesis. 53 Proinflammatory signaling molecules including tumor necrosis factor-alpha, interferon gamma, and lipopolysaccharide increase macrophage iron content by increasing expression of divalent metal transporter-1 (an iron uptake protein) and decreasing expression of ferroportin (an iron exporter protein). 54 Hepcidin can also contribute to anemia of chronic disease by blocking iron release from macrophages by downregulation of ferroportin. 6, 55 These changes in iron transport protein expression increase reticuloendothelial iron stores, but limit release of iron to the bone marrow for hematopoiesis. The clinical correlate of these molecular changes is a change in biomarkers consistent with the diagnosis of anemia of chronic disease (low hemoglobin in the presence of elevation of serum ferritin). Weiss and Goodnough suggest that in patients with evidence of inflammation and anemia, a transferrin saturation Ͻ16% and serum ferritin value of Ͻ30 ng/mL, the diagnosis of iron deficiency anemia is likely. If serum ferritin is Ͼ100 ng/mL in the setting of reduced transferrin saturation, anemia of chronic disease (functional iron deficiency) is the more likely diagnosis. 53 Based on these proposed definitions, iron deficiency may be more common than previously reported in anemic patients with HF. Several investigators have reported on the effects of iron supplementation in patients with HF with and without anemia. These studies are reviewed in chronological order based on date of publication and are summarized in Table 2 .
Studies on the Use of Intravenous Iron Supplementation in Patients With HF
In a prospective, uncontrolled study, Bolger et al studied the effects of intravenous iron sucrose in 17 patients with anemia and chronic systolic HF. 56 Patients were receiving treatment with guidelinerecommended HF medications for Ն6 weeks and had anemia as defined by hemoglobin of Յ12 g/dL. Patients with serum ferritin Ͼ400 ng/mL were excluded. Patients received bolus intravenous injections of 200 mg undiluted iron sucrose on days 1, 3, and 5 in an outpatient setting. Serum ferritin was measured on day 12. If ferritin was Ͻ400 ng/mL on day 12, further doses of intravenous iron sucrose were administered on days 15 and 17. Most of the study subjects received all 5 doses of intravenous iron (total 1 g). Symptoms and exercise capacity were assessed by New York Heart Association (NYHA) functional classification, the Minnesota Living with HF (MLHF) questionnaire, and the 6-minute walk test, respectively. In response to intravenous iron treatment, hemoglobin, ferritin, serum iron, and transferrin saturation all significantly increased from baseline values. At entry 9 patients were in 
A schematic illustration of the effects of alterations in iron availability on distribution of body iron stores and clinical manifestations. Shaded areas in the 3 compartments of iron storage (erythropoiesis, other iron containing enzymes, and other tissue iron storage) indicate the relative states of repletion or depletion for each compartment. The distribution of total body iron is highly regulated to provide sufficient quantities for incorporation into hemoglobin during erythropoiesis and synthesis of other iron-containing enzymes. To minimize potentially toxic effects of reactive iron species, almost all iron is bound to hemoglobin, other iron-containing enzymes, or to iron storage proteins ferritin and transferrin. In iron deficient anemia because of nutritional deficiency and/or blood loss, iron loss form all compartments is detected by low serum ferritin values and clinical manifestations of microcytic anemia and associated syndromes. Repletion of iron stores with oral or intravenous iron administration will reverse these clinical manifestations. The iron hypothesis proposes that repletion of iron just above the minimum stores necessary for erythropoiesis may be associated with reduced risk of coronary heart disease events. In functional iron deficiency associated with inflammatory diseases, iron availability for incorporation into hemoglobin and other iron containing enzymes is reduced, but total body iron stores may actually be increased in the storage compartment. Serum ferritin may be elevated, and the anemia is typically not microcytic. Administration of supplemental iron in these disease states can increase erythropoiesis and raise hemoglobin levels, but the full range of biologic effects associated with further increases of nonheme iron stores is uncertain. Studies from chronic kidney disease populations indicated that excess iron stores could be associated with increased risk of coronary heart disease events. Iron overload states associated with hemochromatosis or transfusion dependent anemias are associated with end-organ damage. These disease states are characterized by very large amounts of increased storage iron and very high values of serum ferritin, well above those typically observed in response to intravenous iron administration. Data on risk of coronary heart disease have yielded conflicting findings.
NYHA class II symptoms and the remainder in class III. At follow-up all patients were in NYHA functional class II (P Ͻ 0.02). The MLHF score also significantly improved (P ϭ 0.02). Mean 6-minute walk distance increased from 242 Ϯ 78 m to 286 Ϯ 72 m (P ϭ 0.01).
Changes in these later 2 outcome variables were strongly associated with increased hemoglobin levels (r ϭ0.76, P ϭ 0.002 and r ϭ0.56, P ϭ 0.03, respectively). Intravenous iron sucrose was well-tolerated in the study population. In a randomized, double-blind study, Toblli et al investigated the effects of intravenous iron sucrose (200 mg weekly for 5 weeks) versus matching normal saline placebo in 40 patients with anemia and chronic systolic HF (hemoglobin Ͻ12.5 g/dL in men or Ͻ11.5 g/dL in women) with evidence of iron deficiency (serum ferritin Ͻ100 ng/mL or transferrin saturation Յ20%) and comorbid renal insufficiency (estimated creatinine clearance Յ90 mL/min). 57 Primary endpoints were to determine the effects of study drug on iron stores, hemoglobin values, N-terminal-probrain natriuretic peptide (NT-ProBNP levels), systemic inflammation as assessed by C-reactive protein, and renal function at 6 months. Secondary endpoints were to determine the effects of study treatment on NYHA functional class, the MLHF questionnaire score, the 6-minute walk test, and left ventricular ejection fraction (LVEF) assessed by transthoracic echocardiography. Intravenous iron significantly increased hemoglobin, ferritin, and transferrin saturation when compared with placebo (all P Ͻ 0.01). Intravenous iron significantly reduced NT-proBNP (P Ͻ 0.01) and C-reactive protein (P Ͻ 0.01) when compared with placebo. Symptomatic improvement was evidenced by significant improvements in NYHA class and MLHF questionnaire score (P Ͻ 0.01) and increased 6-minute walk distance (estimated mean treatment effect 54 m, P Ͻ 0.01). A significant increase in LVEF was also observed (P Ͻ 0.01). Although not powered to detect difference in clinical event rates, there are no hospitalizations in the intravenous iron group and 5 hospitalizations in the placebo group over 6 months of follow-up. Intravenous iron sucrose was well-tolerated with no reported side effects.
The effects of intravenous iron sucrose on exercise tolerance in HF patients were studied in 2 European centers in an open-label trial. 58 Thirty-five subjects with chronic systolic HF were enrolled and randomized in a 2:1 manner to intravenous iron sucrose versus control (placebo or standard care depending on the enrolling center). Key eligibility criteria included NYHA functional class II or III symptoms at study entry; exercise limitation characterized by a peak oxygen uptake (VO 2 )/kg Յ18 mL/kg/ min; hemoglobin concentration of Ͻ12.5 g/dL for anemic subjects and 12.5 to 14.5 g/dL for nonanemic subjects; serum ferritin of Ͻ100 ng/mL (or serum ferritin 100 to 300 ng/mL with transferrin saturation Ͻ20%); and a LVEF of Յ45%. Patients in the intravenous iron group received drug weekly for 3 weeks (therapeutic phase) followed by doses at 4, 8, 12, and 16 weeks (maintenance phase). Iron therapy was withheld if ferritin was Ն500 ng/mL or Hb Ն16.0 g/dL or transferrin saturation was Ն45% at any stage. The primary end point was the change in absolute peak VO 2 (mL/min) from baseline to week 18. Secondary end points included changes in peak VO 2 adjusted for body weight (mL/kg/min) from baseline to week 18, exercise duration, hemoglobin, biomarkers of iron stores, NYHA functional class, changes on 7-point patient Global Assessment scale, the MLHF questionnaire score, and a fatigue score. The mean dose of iron sucrose administered during the study was 928 Ϯ 219 mg. For all patients receiving iron sucrose, absolute peak VO 2 did not significantly increase when compared with placebo (mean treatment effect 96 mL/min, P ϭ 0.08) but peak VO 2 normalized to body weight did significantly increase when compared with placebo (mean treatment effect, 2.2 mL/kg/min; P ϭ 0.01). In the anemic subgroup iron sucrose significantly increased absolute peak VO 2 (mean treatment effect, 205 mL/min; P ϭ 0.02) and a peak VO 2 /kg adjusted for body weight when compared with placebo (mean treatment effects, 3.9 mL/kg/min, P ϭ 0.009). In the nonanemic subgroup, iron sucrose was not associated with any change in peak VO 2 . Changes in peak VO 2 were associated with changes in transferrin saturation in anemic subjects (n ϭ 18, r ϭ 0.62, P ϭ 0.006) but not changes in hemoglobin concentration (r ϭ0.37, P ϭ 0.08).
Usmanov et al studied the effects of intravenous iron in 32 anemic patients (hemoglobin Ͻ11 g/dL) with NYHA Class III-IV systolic HF and comorbid chronic renal insufficiency (serum creatinine 1.5-3.9 mg/dL) in an uncontrolled longitudinal study. 59 The outcome variables were laboratory markers of anemia and iron stores, functional status, and LV structure and function as assessed by transthoracic echocardiography. Intravenous iron sucrose was administered at a dose of 100 mg over 30 minutes 3 times weekly for 3 weeks followed by 1e weekly dosing for 23 weeks. The total dose was 3200 mg of elemental iron over the 26-week study. The hemoglobin values increased significantly from 10.7 to 13.7 g/dL in the NYHA Class III subjects and from 9.4 to 12.7 g/dL in the NYHA Class IV subjects. Intravenous iron sucrose improved symptoms to NYHA class II in 9 of the subjects with baseline NYHA Class III symptoms (47.4%, P Ͻ 0.01), but did not improve functional class in any of the 13 patients with NYHA IV symptoms at baseline. Echocardiographic parameters including posterior wall thickness, LV mass index, septal thickness, LV end diastolic volume, and end systolic volume improved significantly when compared with pretreatment baseline in the NYHA Class III subjects but not in the NYHA Class IV subjects.
In a multicenter, prospective, double-blind study, Anker et al investigated the effects of intravenous ferric carboxymaltose versus matching placebo in 459 HF subjects with biomarkers of iron deficiency, with or without anemia (Ferinject Assessment in Patients with Iron Deficiency and Chronic Heart Failure ͓FAIR-HF͔). 60 Study drug was randomly assigned in a 2:1 ratio: 304 subjects received ferric carboxymaltose and 155 subjects received placebo. Key inclusion criteria included chronic NYHA functional class II or III symptoms, LV systolic function (EF Յ40% in patients with NYHA class II symptoms or Յ45% for NYHA class III symptoms), iron deficiency (defined by a ferritin Ͻ100 ng/mL or serum ferritin 100 -200 ng/mL with transferrin saturation Ͻ20%), and hemoglobin value 9.5 to 13.5 g/dL. Intravenous bolus injection of ferric carboxymaltose 200 mg or placebo was administered weekly until iron stores were repleted (correction phase, total number of weekly infusions based on estimated iron deficit derived from baseline hemoglobin values), followed by a dosing interval of 4 weeks starting week 8 or week 12 (maintenance phase). Study drug was administered in a double-blind manner to maintain a transferrin saturation of 25% to 45% and a serum ferritin of 400 to 800 ng/mL. Primary endpoints for the study were a self-reported 7-point Patient Global Assessment Scale and Investigator-assessed NYHA functional class at week 24. Secondary end points included the distance on the 6-minute walk test and the overall score on the Kansas City Cardiomyopathy Questionnaire (KCCQ) at week 24. Intravenous iron carboxymaltose significantly increased serum ferritin and hemoglobin levels when compared with placebo at week 24 (mean treatment difference for serum ferritin was 246 Ϯ 20 ng/mL and mean treatment difference for hemoglobin, 0.6 g/dL (both P Ͻ 0.001). For the primary end point at week 24, 50% of patients in the intravenous iron carboxymaltose group reported improvement on the Patient Global Assessment scale compared with 28% in the placebo group (odds ratio, 2.51; 95% confidence interval ͓CI͔, 1.75-3.61; P Ͻ 0.001). Likewise, 47% of subjects receiving intravenous iron carboxymaltose showed improved to NYHA class I or II compared with 30% in the placebo group (odd ratio, 2.40; 95% CI, 1.55-3.71; P Ͻ 0.001). For secondary endpoints at week 24, the 6-minute walk distance and KCCQ score significantly improved in subjects randomized to iron carboxymaltose when compare with placebo (mean study treatment effect for 6-minute walk test 35 Ϯ 8 m, and mean study treatment for KCCQ effect ϩ7 points, both P Ͻ 0.001). In a prespecified subgroup analysis, the magnitude of the treatment effect did not differ in subjects with versus without baseline anemia (defined as hemoglobin Յ12.0 g/dL), even though the hemoglobin level did not change in response to intravenous iron in the nonanemic subgroup (n ϭ 221) when compared with placebo (13.3 Ϯ 0.1 vs. 13.2 Ϯ 0.1 g/dL, P ϭ 0.21). The overall rate of adverse events was similar for both groups, but the rate of first hospitalization for cardiovascular events was lower in the subjects randomized to receive intravenous iron carboxymaltose when compared with placebo (hazard ratio, 0.53; 95% CI: 0.25-1.09; P ϭ 0.08).
Taken together, these independently conducted clinical trials provide a consistent signal of improved exercise capacity and quality of life in response to intravenous iron therapy in patients with HF and iron deficiency. In most of the studies, the improved symptoms associated with iron therapy are accompanied by a significant increase in hemoglobin values. In these studies, the presumed mechanism underlying the clinical benefit is increased peripheral oxygen delivery associated with increased hemoglobin levels. The same mechanism has been proposed for the observed increased in exercise capacity in response to erythropoiesis-stimulating protein therapy in anemic patients with HF. 61 However, the reported findings of the nonanemic subgroup of the FAIR-HF study 60 suggest that other mechanisms may also be operative, as this subgroup demonstrated significant improvement in functional capacity with no significant change in hemoglobin values in response to iron therapy.
Potential Mechanisms of Improved Functional Capacity After Iron Supplementation
The favorable response to iron therapy in the nonanemic group of the FAIR-HF study 60 may be attributable to the effects of iron supplementation on oxygen utilization in skeletal muscle. In HF, reduced cardiac output reserve, impaired regulation of skeletal muscle blood flow, and abnormalities in skeletal muscle mass and metabolism all appear to be important factors in the pathophysiology of exercise intolerance. 62 Many of the major proteins responsible for oxygen transport and transfer to skeletal muscle (hemoglobin, myoglobin, guanylyl cyclase), and for oxygen utilization in skeletal muscle (cytochromes and iron-sulfur enzymes involved in electron transport in mitochondria) require iron as an essential component for normal enzyme activity. 63 The effects of iron deficiency on skeletal muscle metabolism and exercise performance have been investigated in animals and human subjects. 3, 64 In rats fed a low-iron diet, iron deficiency develops over several weeks and is associated with proportional reductions of hemoglobin and iron-containing cytochromes in skeletal muscle. In animal models of iron deficiency, exchange transfusion allows investigators to evaluate the independent effects of iron deficiency while maintaining experimental control of the hemoglobin level. In such experiments, endurance exercise performance increases in direct proportion to the increase in hemoglobin concentration in iron-replete rats, but not in iron-deficient rats. [65] [66] [67] [68] [69] A comparable pattern of response to iron-deficiency was observed in an isolated limb perfusion study that allowed precise control of skeletal muscle oxygen delivery. 70 These findings suggest that changes in iron-dependent abnormalities in skeletal muscle substrate utilization reduce endurance performance independently of hemoglobin levels. Data from human subjects on the relation between iron stores and aerobic capacity are more difficult to interpret, as reduced hemoglobin levels confound interpretation of the direct effects of iron deficiency in skeletal muscle. Nonetheless, several small double-blind clinical trials suggest that iron deficiency is associated with impairment of exercise endurance at submaximal levels in nonanemic subjects with biomarkers of iron deficiency. [71] [72] [73] [74] [75] Taken together with the experimental findings in animal models, these findings in human subjects support the hypothesis that improved functional capacity after intravenous iron supplementation in nonanemic HF patients may be partly attributable to increased oxidative capacity associated with repletion of iron-containing oxidative enzymes.
POTENTIAL CARDIOVASCULAR EFFECTS OF SUBCLINICAL IRON OVERLOAD
The findings in the nonanemic subgroup of the FAIR-HF study 60 suggest that iron supplementation may be a novel form of therapy to improve endurance performance in patients with HF with biochemical evidence of iron deficiency regardless of their hemoglobin status. This hypothesis requires testing in prospective randomized trials and raises issues regarding the optimal targets for biomarkers of iron stores during repletion and maintenance therapy and the long-term safety of iron supplementation in the HF population. Several lines of evidence suggest that moderately increased iron stores without overt evidence of organ dysfunction associated with severe iron overload may confer an increased risk of cardiovascular events.
In biologic systems, iron may exist in several different oxidative states, a property that allows iron to participate in redox reactions. These states include ferrous (ϩ2), ferric (ϩ3), and ferryl (ϩ4) ions. Free ferrous ion is considered most reactive and can catalyze the formation of free hydroxyl radicals that can damage cells irreversibly and cause reperfusion injury. 76 Almost all iron is stored in nonreactive states by specific binding proteins, but increased pools of labile reactive iron has been linked to increased total body iron stores. [77] [78] [79] [80] [81] [82] [83] [84] Indeed this reversible interconversion of iron between the highly reactive ferrous form and stable ferric form (in labile and bound pools respectively), while essential to its life-supporting functions, has also been deemed the culprit for many of its deleterious effects in humans, most notable among them potential causal relationships to carcinogenesis and atherogenesis. [85] [86] [87] [88] [89] NADPH oxidase can generate superoxide radicals in the vascular wall, and thus initiate activation of a cascade of redoxsensitive transcription factors that contribute to the initial stages of atherosclerosis. 89 -93 The catalytic subunit of NADPH oxidase, cytochrome b 558 contains 2 molecules of heme. 94 Blockade of heme synthesis or removal of iron by heme oxygenase-1 lowers NADPH oxidase activity. 95, 96 Human aortic endothelial cells incubated with Ն1 g/mL of lipopolysaccharide showed a significant increase in NADPH oxidase activity, an effect that was eliminated by pretreatment with the iron chelator desferrioxamine. 97 Desferrioxamine also abolished the increase in NADPH oxidase activity induced by treatment of human aortic endothelial cells with tumor necrosis factoralpha. Marx et al studied the effects of nontransferrin bound iron on monocyte-endothelial interaction. 98 Nontransferrin-bound iron-enhanced monocyte adhesion to endothelium and increased expression of vascular cell adhesion molecule-1, intracellular adhesion molecule-1, and endothelial selectins. These effects were completely inhibited by iron chelators and oxygen-free radical scavengers.
A number of animal and human studies have focused on the presence of iron in atherosclerotic plaques. A study of Minqin et al and Thong et al demonstrated increased iron content in newly formed atherosclerotic lesions in New Zealand white rabbits, fed a 1% cholesterol diet. 99, 100 Repeated bleeding or treatment with iron chelators lead to a decrease in the average level of intralesion iron and also reduced lesion area. 82, 101 Lee et al studied the effects of iron on atherosclerosis in Apo-E deficient mice. They observed that aortic iron content and area of atherosclerotic lesions were significantly smaller in the low-iron group when compared with that in the Cardiology in Review • Volume 18, Number 5, September/October 2010 Treatment of Anemia in Heart Failure control group. 78 Redox-active iron was found to be present in human atherosclerotic lesions in a 1992 study. 102
THE IRON-HEART HYPOTHESIS
Sullivan first proposed in 1981 that reduction of iron stores protects against development of coronary heart disease. 103 His original hypothesis was based on epidemiological observations that demonstrated temporally coincident age-dependent increases in serum ferritin and increased coronary risk in men and women with heterozygous familial hypercholesterolemia (with onset of clinical heart disease 20 years later in women vs. men from the same family) and from the observation that hysterectomy without oophorectomy was associated with increased coronary heart disease risk in women. 104 -106 Negative findings of controlled clinical trials of hormone replacement therapy in postmenopausal women indirectly support this alternative iron hypothesis as an explanation for increased cardiovascular risk in postmenopausal women. 107, 108 Moreover this hypothesis has gained credence over years with direct support coming from studies demonstrating redox active iron in atherosclerotic plaques and studies demon-strating beneficial effects of iron depletion by chelation therapy or phlebotomy on plaque biology. 79 -83 
Epidemiological Evidence in Support of the Iron-Heart Hypothesis
A prospective cohort study carried out on Finnish population testing the association between serum ferritin and risk of coronary heart disease events provided support to the iron-heart hypothesis. 109 Men with serum ferritin levels Ͼ200 ng/mL had a more than 2-fold increased risk of acute myocardial infarction (MI) compared with those having lower levels. Numerous other retrospective and prospective studies have reported on the relationship between various biochemical markers of iron stores and cardiovascular risk. A meta-analysis of all the published data demonstrated no overall association between various measures of iron stores and cardiovascular risk in the pooled data set. 110 Interpretation of findings of this meta-analysis is extremely limited as incomplete measures of body iron stores (including serum iron, transferrin saturation, and dietary iron intake) were reported in most of the studies. The potential confounding effects of systemic inflammation or chronic diseases (cancer and chronic kidney disease) on markers of iron stores were also not considered in any of these studies.
Blood Donation and Cardiovascular Risk
Blood donation is known to deplete body iron stores. A single 500 mL standard blood donation contains approximately 250 mg elemental iron and reduces serum ferritin by nearly half. 111, 112 Accordingly, study of the association between blood donation and cardiovascular risk is potentially the most relevant test of the proposed iron hypothesis. Four published studies on the association between blood donation and cardiovascular risk are summarized in Table 3 . [113] [114] [115] [116] Three of these 4 published studies reported a substantial reduction in cardiovascular risk in association with blood donation, whereas 1 study showed a neutral effect for all MI but a substantial reduction in the risk of fatal MI. Comparison between these 4 studies are difficult given differences in baseline characteristics of the study subjects, differences in the study design, and different methods for ascertaining cardiac events. None of these studies enrolled a substantial number of high-frequency blood donors with very low iron stores or documented donation-associated changes in biomarkers of iron stores in all of the study subjects. These results are also possibly confounded by the healthy donor effect due to the health screening criteria used by blood banks before donation.
The FeAST Trial was a prospective randomized controlled study in which phlebotomy was carried out to achieve iron reduction in patients with peripheral arterial disease to determine the effects of reduction in body iron stores on cardiovascular outcomes. 117 The primary end-point was all-cause mortality and the secondary endpoints were death-plus nonfatal MI and stroke. The amount of blood to be removed by phlebotomy was calculated for each subject to achieve serum ferritin in the range of 20 to 60 ng/mL. Subjects completed 72% of planned phlebotomies with a mean serum ferritin of 79.7 ng/mL. Although the study results failed to demonstrate a significant effect of iron reduction on cardiovascular events in the entire study population (hazard ratio, 0.85; 95% CI, 0.67-1.08; P ϭ 0.17), there was a significant reduction in all-cause mortality and in combined death plus nonfatal MI and stroke in a prespecified subgroup analysis based on age. In the youngest age group (43-61 years), the reduction in all-cause mortality was 54% (P Ͻ 0.019) with a 57% reduction in death plus nonfatal MI and stroke (P Ͻ 0.001). The findings of this trial are clearly relevant to the originally proposed iron hypothesis, but interpretation is limited by the selection of a secondary prevention study population with established clinical vascular disease and the limited compliance with phlebotomy and consequent inability to achieve reduction of iron stores to the target levels proposed in the study design.
Zheng et al studied the effects of serial blood donation in high-and low-frequency blood donors aged 50 to 75 years on flow-mediated endothelium-dependent dilation of the brachial artery, markers of iron stores, and vascular inflammation. 118 Forty high-frequency blood donors (defined by a verified history of Ն8 blood donations in the last 2 years) and 42 low-frequency blood donors (defined by a verified history of 1 to 2 donations in the past 2 years) were recruited. Serum markers of iron stores were significantly decreased in high-frequency donors when compared with low frequency donors (median serum ferritin, 17 vs. 52 ng/mL, P Ͻ 0.001, and mean transferrin saturation, 22% vs. 28%, P ϭ 0.03), but there was no difference in hemoglobin between groups. Serum levels of 3-nitrotyrosine, a marker of oxidative stress were significantly decreased in high frequency donors when compared with low frequency donors (35 vs. 43 nmol/L, P ϭ 0.02). Flow-mediated dilatation in the brachial artery, a physiological marker of vascular endothelial function known to be independently linked to cardio-vascular outcomes, was significantly increased in high-frequency blood donors when compared with that of low frequency blood donors (5.5% Ϯ2.6% vs. 3.8% Ϯ1.6%, P ϭ 0.0003). In multivariate models, high-frequency blood donation remained significantly associated with increased flow-mediated dilatation in the brachial artery when adjusting for traditional and nontraditional cardiovascular risk factors.
Acute Vascular Effects of Altered Iron Availability
In a double-blind, placebo-controlled, cross-over trial, Zheng et al studied the effects of dexrazoxane, an intracellular iron chelator, on vascular endothelial function in a model of transient homocysteine-induced endothelial dysfunction in normal subjects. 119 Dexrazoxane infusion did not affect the rise in homocysteine after methionine ingestion but did abrogate homocysteine-induced reduction in flow-mediated dilatation in the brachial artery when compared with placebo. In a study involving both normal subjects and patients with coronary artery disease, Duffy and colleagues 119a studied forearm blood flow in response to endothelium-dependent vasodilation with methacholine-and endothelium-independent vasodilation with nitroprusside before and after acute iron chelation with the extracellular iron chelator desferrioxamine. Methacholineinduced endothelium-dependent vasodilatation was impaired in patients with coronary artery disease. Iron chelation with desferrioxamine was associated with improvement in endothelium-dependent response back toward normal values. The beneficial effect of desferrioxamine was linked to increased bioavailability of nitric oxide as the effects of desferrioxamine were mitigated by administration of the nitric oxide synthase inhibitor l-NMMA.
Zheng et al studied the acute effects of intravenous iron sucrose 100 mg versus matching placebo on vascular endothelial function in healthy volunteers. 120 Subjects in the treatment group were preloaded with oral methionine to increase homocysteine levels. Serum markers of iron stores, homocysteine and nitrotyrosine levels, and endothelium-dependent and -independent dilatation were measured before and after iron sucrose administration. Intravenous iron sucrose significantly increased percent transferrin saturation (iron sucrose 31%-87% vs. placebo 21%-32%) and nontransferrin bound iron (iron sucrose 0.54 to 2.54 M vs. placebo 0.64 to 0.66 M). Flow-mediated dilation in the brachial artery significantly decreased from baseline 1 hour after administration of iron sucrose when compared with placebo. There was no change in nitroglycerine-mediated vasodilatation and no difference in homocysteine and nitrotyrosine levels before and after administration of iron sucrose and placebo. Rooyakkers et al administered intravenous ferric saccharate to subjects with normal kidney function. 121 Administration of iron was associated with a 4-fold increase in nontransferrin bound iron, increased generation of superoxide, and a transient decrease in vascular endothelial function.
Iron Supplementation and Risk of Cardiac Events in Chronic Kidney Disease
In 1998, Besarab et al reported that raising the hematocrit to normal values in hemodialysis patients with end-stage renal disease and chronic HF or ischemic heart disease significantly increased the risk of death or first nonfatal MI. In a randomized, prospective, open-label trial, 1233 patients with end-stage renal disease on hemodialysis were enrolled. 122 All patients had chronic HF or ischemic heart disease and a serum transferrin saturation of 20% or higher. Patients were randomized to 2 groups: in the normal hematocrit group (n ϭ 618), patients were administered increasing doses of erythropoietin to achieve hematocrit target of 42%; in the low hematocrit group (n ϭ 615), patients were administered erythropoietin to achieve hematocrit target of 30%. The study was stopped prematurely. There were a total of 183 deaths and 19 first nonfatal Intravenous iron dextran was administered in conjunction with erythropoietin to achieve hematocrit targets according to investigator discretion. In the high hematocrit group, survivors received less iron dextran over a 4-week period when compared with nonsurvivors (152 Ϯ 150 vs. 214 Ϯ 190 mg, P Ͻ 0.001). The risk of mortality was increased in subjects who received intravenous iron dextran when compared with those subjects who did not (relative risk, 2.4, P Ͻ 0.001). Because the randomization in this trial was to a treatment strategy, rather than to a specific single agent, it is not possible to determine whether higher doses of erythropoietin, higher doses of intravenous iron, their combination or other factors may have contributed toward higher event rates observed in the normal hematocrit group in this study.
CONCLUSIONS
The optimal iron stores in HF patients remain unknown. Despite concerns about potential adverse effects of chronic iron overload, there are accumulating data indicating that short-term administration of intravenous iron is associated with improved symptoms in HF patients. These important studies suggest that subclinical iron deficiency may occur commonly in HF patients and may contribute to symptoms related to reduce exercise capacity. Further work is needed to more accurately characterize iron stores in the HF population and determine the mechanisms of benefit and long-term risks associated with supplemental iron therapy. Until such data are available, the use of intravenous iron in HF patients should be limited to those with anemia and evidence of absolute or functional iron deficiency not responsive to oral iron supplementation.
